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Abstract
The cross sections for the lightest neutral Higgs pair production at the one-loop level
in photon-photon collisions are calculated in the Minimal Supersymmetric Standard
Model(MSSM). We find that the contributions to the lightest Higgs boson pair produc-
tion cross sections arising from the genuine supersymmetric virtual particles dominate over
that arising from the virtual particles in the two-Higgs-doublet model (2HDM) if there are
mixing between the right- and left-handed stops, otherwise, the contributions from ones in
the 2HDM are dominant. We present the detailed numerical results of the cross sections of
the process e+e− → γγ → h0h0 in both beamstrahlung and laser back scattering photon
modes at the Next Linear Collider (NLC). The cross sections are typically in the range of
10−3fb to 105fb depending on the choice of the mass of the lightest neutral Higgs boson,
tan β and photon collision modes, especially whether there are mixing between the stops.
PACS number(s): 12.15.Lk, 12.60.Jv, 14.80.Cp




The Higgs boson is the missing piece and also the least known one of the standard
model(SM). Experimental data set a lower bound of 65.5GeV at the 95% confidence
level(CL) [1]. On the other hand, exploiting the sensitivity to the Higgs boson through quan-
tum loops, a global fit to the latest electronweak precision data predicts mH = 149
+148
−82 GeV
together with a 95% CL upper bound at 550GeV in the SM [2].
Beyond the SM, the most intensively studied class of the theories as a possible candidate
for new physics is the supersymmetry(SUSY), especially the minimal supersymmetric ex-
tension of the standard model(MSSM) [3] in which two Higgs doublets are necessary, giving
masses separately to up- and down-type fermions and assuring cancellation of anomalies,
which has the same Higgs sectors with the two-Higgs-doublet model (2HDM), i.e. so-called
Model II, except the restrictions imposed by SUSY. In contrary to the SM in which there
is just a single neutral Higgs boson, in the MSSM, there are three neutral and two charged
Higgs bosons, h0, H , A and H
± of which h0 and H are CP−even and A is CP−odd. The
masses and coupling of these Higgs bosons are controlled by two parameters, e.g., mA and
tan β, at tree level. The upper bound for the mass [4] for the lightest CP− even h0 in MSSM
is mh0 < mZ at tree level and mh0 < mZ + ǫ(mt, m˜) when including radiative corrections(m˜
is the SUSY mass scale). The pursuit of the Higgs bosons predicted by the SM and the
MSSM is one of the primary goals of the present and next generation of colliders.
The main processes of the neutral Higgs boson production at the LEP2 and LHC are
e+e− → Zh0 [5] and gg → (h0, H,A) [6], respectively. However, the Next Linear Col-
lider(NLC) operating at a center-of-mass energy of 500 − 2000GeV with the luminosity of
the order of 1033cm−2s−1 can also provide an ideal place to search for the Higgs boson,
especially, it may produce a lightest neutral Higgs boson pair with an observable production
rate, since the events would be much cleaner than in the LHC and the parameters of the
Higgs boson would be easier to extracted. There are mainly two options for the photon
sources at the NLC: laser back-scattering and beamstrahlung photons. These two kind of
2
photon sources are the options of turning the electron-positron collider into a laser photon
collider with high energy and high luminosity which are expected to be comparable to that
of the primary e+e− collisions [7,8].
The primary mechanism of the neutral Higgs production in photon-photon collisions is
γγ → (h0, H,A), but in order to study the triple and quadruple Higgs couplings at future
high energy colliders, it is necessary to explore the Higgs boson pair production process.
In the SM, the cross section for the neutral Higgs boson pair production in photon-photon
collisions has been calculated by J.V. Jikia [9], and in the 2HDM, the process γγ → H0H0
has also been computed for a special case in Ref. [10]. In this paper, we present the complete
calculations of the lightest neutral Higgs boson pair production cross section at one-loop level
in the MSSM. In the MSSM, besides the loop diagrams arising from the SM and the 2HDM
particles, there are also hundreds of additional loop diagrams arising from genuine SUSY
particles, which make the calculations much more complicated than the case of the SM and
the 2HDM.
The structure of this paper is as follows. In Sec. II we give the analytical results in
terms of the well-known standard notation of the one-loop integrals. In Sec. III we present
some numerical examples with discussions. The tedious expressions of the form factors in
the amplitude are summarized in Appendix A, B and C, respectively.
II. CALCULATIONS
The process of
γ(p1, λ1) + γ(p2, λ2) −→ h0(k1) + h0(k2) (1)
is forbidden at the tree level but it can be induced through one-loop diagrams which are
shown in Fig.1-Fig.5 (all relevant cross diagrams are not explicitly shown), where λ1,2 denote
the helicities of photons. In the center-of-mass system(CMS) the momenta read in terms of
the beam energy E of the incoming photons and the scattering angle θ
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pµ1 = E(1, 0, 0,−1)
pµ2 = E(1, 0, 0, 1)
kµ1 = E(1,−βsinθ, 0,−βcosθ)
kµ2 = E(1, βsinθ, 0, βcosθ) (2)
where β =
√
1− 4m2h0/sˆ is the velocity of the Higgs in the CMS. We define the Mandelstam
variables as
sˆ = (p1 + p2)
2 = (k1 + k2)
2
tˆ = (p1 − k1)2 = (p2 − k2)2
uˆ = (p1 − k2)2 = (p2 − k1)2 (3)
In order to calculate polarization cross section, we introduce the explicit polarization
vectors of the helicities(λ1λ2) for photons as follows




ǫµ2 (p2, λ2 = ±1) =
1√
2
(0, 1,±i, 0) (4)
This choice of polarization vectors for the photons implies
ǫi.pj = 0, (i, j = 1, 2) (5)
and by the momentum conservation,
ǫi.k1 = −ǫi.k2, (i = 1, 2). (6)
We perform the calculation in the ’t Hooft-Feynman gauge, the relevant Feynman rules
can be found in Ref [3]. Because this process can only be induced through loop diagrams, we
do not need to consider the renormalization at one-loop level, and the ultraviolet divergence
should be canceled automatically if the calculation is right. The virtual particles which enter
loops are the third family (top and bottom) quarks, W bosons, charged ghosts, charged
Goldstone bosons, charged Higgs bosons, charginos, squarks and sleptons. As we will see
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below, the transversality to photon momentum has been obviously kept. In order to ensure
the correctness of our calculations, as a check, we have compared our results with Ref. [9],
and found that our results in the case of the SM are agreement with theirs.
Because of the transversality of photons and our choices of the photons helicities, the
general amplitude for the process γγ → h0h0 can be simply written as
M =M1ǫ1.ǫ2 +M2ǫ1.k1ǫ2.k1 + eps(ǫ1, ǫ2, p1, p2)M3 (7)
with









where ǫµνρσ is the total anti-symmetry tensor, and the Mi(i = 1, 2, 3), which correspond to
















k1 ↔ k2, uˆ↔ tˆ
]
. (9)
Here, the form factor f
(j)
i represents the contributions arising from Feynman diagrams with




k1 ↔ k2, uˆ↔ tˆ
]
stands for the contributions from the cross
diagrams of the corresponding diagrams with the indices of j. Among these form factors,
f
(k)




3 = 0, for (k = 3, 4, 6, 7, 8...12) (11)
the explicit expressions of the other form factors are given in Appendix A, B and C, respec-
tively. Note that the amplitude in Eqs. 7 does not have gauge-invariance due to dropping
terms that vanish for our specific choice of polarization vectors. But we find that the ampli-
tude has indeed the gauge-invariance after adding the dropping terms, which confirms again
that our calculations are correct.
















|M |2 dtˆ, (12)

















The total cross section of e+e− → γγ → h0h0 can be obtained by folding the σˆ, the cross


























fγ/e(x) is the photon structure function of the electron beam [12]. For a TeV collider with













for x < 0.84,
0 for x > 0.84,
where x is the relative momentum of the radiated photon and the parent electron.
If we operate NLC as a mother machine of photon-photon collider in Compton back-
scattering photon fusion mode with unpolarization initial electrons and laser, the energy














for x < 0.83, xi = 2(1 +
√
2),
0 for x > 0.83.
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III. NUMERICAL EXAMPLES AND CONCLUSIONS
In the following we present some numerical results of a lightest neutral Higgs boson pair
production cross section in the process of e+e− → γγ → h0h0. In our numerical calculations,
for the SM parameters, we choose mw = 80.33GeV , mz = 91.187GeV , mt = 176GeV ,
mb = 4.5GeV and α =
1
128
. Other parameters are determined as follows



































Here we take mS = mQ˜ = mU˜ = mD˜, the definitions of which are given below. The mixing
angle α is fixed by tan β and the Higgs boson mass mA,








< α < 0.
(ii) In the MSSM the mass eigenstates q˜1 and q˜2 of the squarks are related to the current









 with Rq˜ =

 cos θq˜ sin θq˜
− sin θq˜ cos θq˜

 . (19)
For the squarks, the mixing angle θq˜ and the masses mq˜1,2 can be calculated by diagonizing






























At − µ cotβ (q˜ = t˜)






are soft SUSY breaking mass terms of the left- and right-handed squark,
respectively. Also, µ is the coefficient of the H1H2 mixing term in the superpotential, At
and Ab are the coefficient of the dimension-three trilinear soft SUSY-breaking term. I
3L
q , eq
are the weak isospin and electric charge of the squark q˜. From Eqs. 19 and 20, mt˜1,2 and θt˜


















Because of the small mass of the bottom quark, we will neglect the mixing between left- and
right-sbottoms, thus θb˜ = 0. Similarly, we will neglect the mixing in the other light squarks.
For simplicity, we shall assume the masses of all the light squarks (the superpartners of
the first and the second family quarks) and all the sleptons (the superpartners of the three
family leptons) are degenerate. For simplicity, we don’t show here the explicit expressions
of the masses of mass-eigenstates of the sbottoms and the sleptons, which can be found in







(iii) For the parameters M , tan β and µ in the chargino matrix [3], we put M = 100GeV
and µ = −300GeV unless otherwise stated, and tan β remains a variable.
Some typical numerical calculations of the cross sections of the processes γγ → h0h0 and
e+e− → γγ → h0h0 are given in Figure 6-10 and Figure 11-14, respectively.
Figure 6 shows the cross sections for the subprocess γγ → h0h0 as a function of the Higgs
boson mass mh0 for the opposite photon helicities λ1 = −λ2 = 1 in the MSSM, assuming
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tan β = 4 and
√
sˆ = 0.5, 1 and 1.5TeV . In order to compare the contributions arising from
different virtual particles, we also present the results of the cross section of the process in the
2HDM, of which the parameters space used in our numerical calculations only is the subset
of the general 2HDM (Model II), where there are the relations between the Higgs boson
masses (Eqs. 14-16) required by the MSSM. The figure shows that the cross section can
increase from several fb to the order of 104fb when mh0 increases from 60GeV to 120GeV
in the the mixing case of the stops. But it is only of the order of 10−1fb in the no-mixing
case of stops. The cross sections in the 2HDM are almost the same as that in the MSSM
for no-mixing case.
Figure 7 and Figure 8 give the cross section of the subprocess as a function of the mh0
for the equal photon helicities λ1 = λ2 = +1 and λ1 = λ2 = −1, respectively. From Figure
7 and Figure 8, one sees that the cross sections are smaller than that in the case of opposite
photons helicities in the 2HDM and in the MSSM with the no-mixing case. And the cross
sections for the mixing case of the stops are much larger than that for the no-mixing case
of the stops and in the 2HDM. Figure 7 shows that the cross sections of the no-mixing case
in the MSSM for the photon helicities λ1 = λ2 = +1 are almost the same as that in the
2HDM, but Figure 8 shows the cross sections for the photon helicities λ1 = λ2 = −1 are
always bigger than that in the 2HDM. Such difference between the cross sections of the
process for the photons helicities λ1 = λ2 = +1 and λ1 = λ2 = −1 is relative to the different
contributions to the amplitude from the charginos.
In Figure 9 and 10, we present the cross sections of the subprocess γγ → h0h0 for the
opposite and equal photon helicities as a function of the Higgs boson mass mh0, respectively,
assuming tanβ = 40. Because the difference between the cross sections of the process for
the photons helicities λ1 = λ2 = +1 and λ1 = λ2 = −1 is negligibly small, we only present
the results for the photons helicities λ1 = λ2 = +1. From Figure 9, we can see that the cross
sections in the MSSM for the mixing case of stops are larger than that in the MSSM for
the no-mixing case and in the 2HDM, especially for mh0 > 90GeV , and the former can vary
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from ∼ 1fb to 104fb when the Higgs mass is in the range of 60GeV to 130GeV , otherwise,
the cross sections are only ∼ 0.5fb and insensitive to the Higgs boson mass. Figure 10 shows
that the cross sections in the MSSM for the mixing case of stops are much larger than that in
the MSSM for the no-mixing and in the 2HDM for
√
sˆ = 500GeV , while for
√
sˆ = 1000GeV
and 1500GeV , the mixing effects of stops are only important for mh0 > 120GeV .
Figure 11 and Figure 12 give the total cross section for the process e+e− → γγ → h0h0
as the function of the Higgs boson mass mh0 in beamstrahlung photon mode for tanβ = 4
and 40, respectively. From our calculations, we find that the contributions from the low
energy cross section of the subprocess γγ → h0h0 are very important. In general, the total
cross sections in the MSSM are greater than that in the 2HDM. We can see from Figure
11 that the total cross sections in the mixing case of stops are greatly enhanced, which are
greater than 104fb for all the Higgs boson masses in the range of 60 to 120GeV . But the
total cross sections in the no-mixing case of stops and in the 2HDM are smaller than 1fb due
to decoupling effects of the heavy squarks. From Figure 12, one sees that the cross sections
for the mixing case of stops in the MSSM increase from order of 10fb to order of 104fb with
the increment of the mass of the Higgs boson, on the contrary, the total cross sections in
the MSSM for the no-mixing case and in the 2HDM decrease.
In Figure 13 and Figure 14, we present the total cross sections of the process e+e−γγ →
h0h0 in laser back-scattering photons mode as function of the Higgs boson mass mh0 at e
+e−
CMS energy 500, 1000 and 1500GeV for tanβ = 4 and 40, respectively. The results given
by these figures are similar to Figure 11 and 12 except that the total cross sections in the
MSSM for the mixing case of stops decrease with increasing e+e− CMS energy.
To summarize, we have calculated the total cross sections of the process e+e− → γγ →
h0h0 at one-loop level in the MSSM in both photon-photon collision mode of the laser back
scattering and beamstrahlung. The results of numerical calculations for several typical pa-
rameter values show that the contributions to the total cross sections arising from the virtual
particles in 2HDM play an important role when there are not mixing between the stops,
otherwise, the genuine supersymmetric contributions to the total cross sections dominate
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over that arising from the ones in the 2HDM. The total cross sections of the process in
the MSSM with the mixing case of the stops are much larger than that for the no-mixing
case and in the 2HDM for both of tanβ = 4 and 40. Note that our numerical calculations
indicate that the total cross sections are insensitive to the parameter µ, and so we do not
show the corresponding curves versus µ. We conclude that the total cross section of the
process e+e− → γγ → h0h0 varies from 10−3fb to 105fb at e+e− center-of-mass energy
√
s = 500, 1000 and 1500GeV , mainly depending on the choice of the mass of the lightest
neutral Higgs boson, tanβ and photon collision modes, especially whether there are mixing
between the stops.
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APPENDIX A
In this paper, all form factors are decomposed to two parts of contributions from the
virtual particles in the 2HDM and the genuine SUSY, in which the contributions from the
2HDM include ones of the third generation quarks and the bosons in the SM as well as the
additional bosons in the 2HDM.
The form factor f
(1)












































t − tˆ− 2uˆ)C90




h0 − uˆ)C91 + 2(m2h0 + 4m2t )(m2h0 + tˆ)D71 + 2sˆC92




t tˆ− tˆuˆ)D72 + 4m2h0(tˆ+ uˆ)D711
+ 2(4m2h0 − sˆ)(m2h0 + tˆ)D712














−4C600 + 2(−m2h0 + tˆ)(−m2h0 + uˆ)D411
+ 2(−m2h0 + tˆ)(−tˆ+ uˆ)D412 + (−2m4h0 + 2m2h0tˆ− tˆ2 + 2m2h0uˆ− uˆ2)D413
− (−m2h0 + tˆ)2D422 + 2(3m2h0 + 2tˆ+ uˆ)D4001






2(−m2h0 + tˆ)(−m2h0 + uˆ)D111 + 2(−m2h0 + tˆ)(−tˆ+ uˆ)D112
+ (−2m4h0 + 2m2h0tˆ− tˆ2 + 2m2h0uˆ− uˆ2)D113
− (−m2h0 + tˆ)2D122 + 2(−13m2h0 + 4sˆ+ 2tˆ+ uˆ)D1001






C100(cos(α− β)2 − 3 sin(α− β)2)







4D600(−2 cos θwmw sin(α− β) +mz cos(2β) sin(α + β))2
+ 2D12 sin(α− β)(3 cos θwm2h0m2w sin(α− β)
− cos θwm2h0tˆ sin(α− β) + cos θwm2w tˆ sin(α− β) + cos θw tˆ2 sin(α− β)
+m2h0mwmz cos(2β) sin(α+ β)−mwmz tˆ cos(2β) sin(α + β))
+ 2D11 sin(α− β)(6 cos θwm2h0m2w sin(α− β)− cos θwm2wsˆ sin(α− β)
+ cos θw tˆ
2 sin(α− β) + 2 cos θwm2wuˆ sin(α− β)− cos θw tˆuˆ sin(α− β)
−mwmz tˆ cos(2β) sin(α+ β) +mwmzuˆ cos(2β) sin(α + β))
12
+ 2(−m2h0 + tˆ) cos(α− β)D42(−(cos θwm2H± cos(α− β)) + cos θwm2w cos(α− β)
+ cos θw tˆ cos(α− β)−mwmz sin(2β) sin(α + β))
+ 2(−tˆ+ uˆ) cos(α− β)D41(cos θwm2H± cos(α− β)− cos θwm2w cos(α− β)
− cos θw tˆ cos(α− β) +mwmz sin(2β) sin(α + β))
−D40(cos θwm2H± cos(α− β)− cos θwm2w cos(α− β)
− cos θw tˆ cos(α− β) +mwmz sin(2β) sin(α + β))2
+ C10 (−(cos θwm2H± cos(α− β)2)− cos θwm2h0 cos(α− β)2 + cos θwm2w cos(α− β)2
+ 3 cos θw tˆ cos(α− β)2 − cos θwuˆ cos(α− β)2 − cos θwm2h0 sin(α− β)2
+ 3 cos θwm
2
w sin(α− β)2 + 3 cos θw tˆ sin(α− β)2 − cos θwuˆ sin(α− β)2





h0 sin(α− β)2 + 48 cos θ2wm2w sin(α− β)2 − 17 cos θ2w tˆ sin(α− β)2
− 18 cos θ2wuˆ sin(α− β)2 + 6 cos θwmwmz cos(2β) sin(α− β) sin(α + β)
+ 4m2z cos(2β)
2 sin(α+ β)2) +D10(−16 cos θ2wm2h0m2w sin(α− β)2
− 4 cos θ2wm2wsˆ sin(α− β)2 + 10 cos θ2wm2w tˆ sin(α− β)2
− cos θ2w tˆ2 sin(α− β)2 + 12 cos θ2wm2wuˆ sin(α− β)2
− 2 cos θwm3wmz cos(2β) sin(α− β) sin(α + β)
+ 2 cos θwmwmz tˆ cos(2β) sin(α− β) sin(α + β)
−m2wm2z cos(2β)2 sin(α+ β)2) + 4D500(−2 cos θ2w tˆ cos(α− β)2
− 2 cos θ2wuˆ cos(α− β)2 − 2 cos θwmwmz cos(α− β) sin(2β) sin(α+ β)
+m2z sin(2β)




H± cos(α− β)2 + 8 cos θ2wm2h0 cos(α− β)2
− cos θ2wm2w cos(α− β)2 − 9 cos θ2w tˆ cos(α− β)2 − 10 cos θ2wuˆ cos(α− β)2
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+ b23tˆ− a23uˆ+ b23uˆ)D1200 + 8(−a23 + b23)m2h0(tˆ+ uˆ)D1211 + 4(a23 − b23)(−4m2h0 + sˆ)(m2h0 + tˆ)D1212






























































mn ≡ Cm, Cmn(0, 0, sˆ, i) and Dim, Dimn, Dimnl ≡ Dm, Dmn,
Dmnl(m
2
h0, 0, 0, m
2
h0, tˆ, sˆ, i) are three-point and four-point Feynmann integrals, definitions
for which can be found in Ref. [15], and i represent the internal particles masses, which are
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mnl. And ai, bi(i = 1, 2, 3) in Eqs. 26 are the coupling constants of the vertex
























((−Q∗21 +Q12) sinα + (S∗21 − S12) cosα), (30)
where the details of the matrix Q and S can be found in Ref. [3]. In Eqs. 27 we only write
down the contributions from the third generation sfermions, and Nc is the number of colors,
et, eb, eτ are the electric charge of the top quark, the bottom quark and the tau, respectively,
the ξt˜j, ξb˜j, ξτ˜ j(j = 1, 2, 3) are the coupling constants of the vertexes h0 − t˜ − t˜, h0 − b˜ − b˜,
















(−At cosα− µ sinα)
mt
2mw sinβ

























(Ab sinα + µ cosα)
mb
2mw cos β
(Ab sinα + µ cosα)













 = ( igmzcos θw )

 (−1/2 + sin
2 θw) sin(α + β) 0
0 − sin2 θw sin(α+ β)

 . (35)
The form factor f
(2)



































−2B0(0, m2t , m2t ) + (m2h0 − 2tˆ− uˆ)C90 + 2m2t sˆD70
+ (−4m2h0 + sˆ)C91 − 2(m2h0 + tˆ)C92
+ (m4h0 −m2h0uˆ+ sˆuˆ)D72 +m2h0(m2h0 − uˆ)D73 + 2(−m2h0 − 8m2t + 2tˆ+ uˆ)D700
+ (−m2h0 + tˆ)(−m2h0 + uˆ)D712 − (−m2h0 + tˆ)2D713 + (m2h0 − uˆ)(m2h0 + uˆ)D722
+ (m4h0 +m
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(−tˆ+ uˆ)(D2001 −D3001) + 2(m2h0 + uˆ)(D2002 −D3002)







2D600(−2 cos θwmw sin(α− β) +mz cos(2β) sin(α+ β))2
+m2wD
1
0 sin(α− β)(−12 cos θwm2h0 sin(α− β)− cos θwsˆ sin(α− β)
+ 7 cos θw tˆ sin(α− β) + 7 cos θwuˆ sin(α− β)− 2mwmz cos(2β) sin(α + β))




h0 sin(α− β)2 + 12 cos θ2wm2w sin(α− β)2
− 4 cos θ2w tˆ sin(α− β)2 − 4 cos θ2wuˆ sin(α− β)2





h0 cos(α− β)2 − 4 cos θ2w tˆ cos(α− β)2 − 5 cos θ2wuˆ cos(α− β)2
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− 2a23tˆ+ 2b23tˆ− a23uˆ+ b23uˆ)D1000 + 2(a23 − b23)(m2h0 − tˆ)(−m2h0 + uˆ)D1012
+ 2(a23 − b23)(m2h0 − tˆ)2D1013 + 2(a23 − b23)(−m2h0 + uˆ)(m2h0 + uˆ)D1022































































mn ≡ Cm, Cmn(m2h0, 0, tˆ, i), Ci0 ≡ C0(0, m2h0, tˆ, i) and Dim, Dimn, Dimnl ≡




h0, uˆ, tˆ, i). Here and below, the definition of i is the same with
the case of f
(1)
1 , and their explicit expressions are given by Eqs. 28 and Eqs. 29.

























w) cos(2α) sin(α− β) sin(α+ β)
32 cos θwπ2(−m2h0 + sˆ)
. (42)
The form factor f
(5)
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+m2bsec(β) cos(α) [mt → mb]
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e2g2mz cos(2α) sin(α+ β)




















(− cos(2α) cos(α + β) + 2 sin(2α) sin(α + β))(e2g2mzmw)
32 cos θwπ2(m2H − sˆ)
(
cos(α− β)(4− 2B0(0, m2w, m2w)
+ 6sˆC10 − sˆC11 − 2sˆC12 − 8C600 − 24C600) + cos(2β) cos(α + β)(m2wC10 − 4C100 + 4C600)
)
+
3e2g2mzmw cos(2α) sin(α + β)
32 cos θwπ2(−m2h0 + sˆ)
(
sin(α− β)(4− 2B0(0, m2w, m2w) + 6sˆC10 − sˆC11 − 2sˆC12


































































mn ≡ Cm, Cmn(0, 0, sˆ, i), and η1, η2 are coupling constants of the vertexes h0 −
h0 − h0 and H − h0 − h0, respectively, which are given by
η1 = − 3igmz
2 cos θw
cos(2α) sin(α + β)
η2 = − igmz
2 cos θw
(2 sin(2α) sin(α+ β)− cos(2α) cos(α + β)), (49)
and a4, a5 are the coupling constants of the vertex H − χ±1,2 − χ∓1,2, which are given by
a4 = −ig
2
((Q∗11 +Q11) cosα + (S
∗
11 + S11) sinα)
a5 = −ig
2
((Q∗22 +Q22) cosα + (S
∗
22 + S22) sinα). (50)
And ξt˜i, ξb˜i, ξτ˜ i, (i = 4, 5) are the coupling constants of the vertexes H − t˜− t˜, H − b˜− b˜ and

















(At sinα− µ cosα)
mt
2mw sinβ























(−Ab cosα + µ sinα)
mb
2mw cos β


















The form factor f
(6)











w) cos(α− β)2) +B0(tˆ, m2w, m2w) sin(α− β)2
)
. (56)
The form factor f
(7)













2)(−4 cos θ2w + 4 cos θ2wB0(0, m2w, m2w)
+ cos θ2wsˆC
1









+ sin θ2w cos(2α) cos(2β)− cos θ2w sin(2α) sin(2β))
+ 4C100(6 cos θ
2
w − sin θ2w cos(2α) cos(2β) + cos θ2w sin(2α) sin(2β))




w − 4 cos θ2wsˆ+m2w sin θ2w cos(2α) cos(2β)
































mn ≡ Cm, Cmn(0, 0, sˆ, i) and ξqt˜i, ξqb˜i, ξ
q
τ˜ i (i = 1, 2) are the coupling constants of

























((1/2)−(2/3) sin2 θw) cos(2α)
cos2 θw



































((−1/2)+(1/3) sin2 θw) cos(2α)
cos2 θw



































The form factor f
(8)





















w)(−7 cos θ2w + sin θ2w cos(2α) cos(2β)
− cos θ2w sin(2α) sin(2β)) +B0(sˆ, m2H±, m2H±)(− cos θ2w


































et → eτ , ξqt˜1 → ξqτ˜1, ξqt˜2 → ξqτ˜2, mt˜1 → mτ˜1 , mt˜2 → mτ˜2
]
. (67)
The form factor f
(9)













32 cos θwπ2(−m2H + sˆ)
(
4 cos(α− β)− 2B0(sˆ, m2H±, m2H±) cos(α− β)
− 6B0(sˆ, m2w, m2w) cos(α− β) +B0(sˆ, m2H±, m2H±) cos(2β) cos(α + β)
− B0(sˆ, m2w, m2w) cos(2β) cos(α + β))(−(cos(2α) cos(α + β)) + 2 sin(2α) sin(α + β)
)
+
3e2g2mzmw cos(2α) sin(α + β)
32 cos θwπ2(m2h0 − sˆ)
(
4 sin(α− β)− 2B0(sˆ, m2H± , m2H±) sin(α− β)
− 6B0(sˆ, m2w, m2w) sin(α− β) +B0(sˆ, m2H± , m2H±) cos(2β) sin(α+ β)






































et → eτ , ξt˜1 → ξτ˜1, ξt˜2 → ξτ˜2, ξt˜4 → ξτ˜4, ξt˜5 → ξτ˜5, mt˜1 → mτ˜1 , mt˜2 → mτ˜2
]
. (70)
The form factor f
(10)





2g2 cos(α− β)2/(32π2)((m2h0 − tˆ)(C21 + C22) + C200 + 2C300)
+ e2g2 sin(α− β)2)/(32π2)((m2h0 − tˆ)(C11 + C12) + 3C100)
+ e2g2/(32 cos θ2wπ
2)(− cos θ2wB0(0, m2w, m2w)
+ C10 sin(α− β)(−3 cos θwm2w sin(α− β)
+ cos θw tˆ sin(α− β)−mwmz cos(2β) sin(α + β))
+ cos(α− β)C30(−(cos θwm2H± cos(α− β))
+ cos θwm
2
w cos(α− β) + cos θw tˆ cos(α− β)
− mwmz sin(2β) sin(α+ β))), (71)
where Cim, C
i
mn ≡ Cm, Cmn(m2h0, 0, tˆ, i) and Ci0 ≡ C0(0, m2h0, tˆ, i).
The form factor f
(11)




2g2 cos(α− β)2/(32π2)((m2h0 − tˆ)(C21 + C22) + C200 + 2C300)
+ e2g2 sin(α− β)2)/(32π2)((m2h0 − tˆ)(C11 + C12) + 3C100)
+ e2g2/(32 cos θwπ
2)(− cos θ2wB0(0, m2w, m2w)
+ C10 sin(α− β)(−3 cos θwm2w sin(α− β)
+ cos θw tˆ sin(α− β)−mwmz cos(2β) sin(α + β))
+ cos(α− β)C40(−(cos θwm2H± cos(α− β))
+ cos θwm
2
w cos(α− β) + cos θw tˆ cos(α− β)
− mwmz sin(2β) sin(α+ β))), (72)
where Cim, C
i
mn ≡ Cm, Cmn(m2h0, 0, tˆ, i) and Ci0 ≡ C0(0, m2h0, tˆ, i).
The form factor f
(12)












2g2 cos(α− β)2/(32π2)(4B0(m2h0, m2H± , m2w)− 2(tˆ+ uˆ)C71
23
+ (8m2h0 − sˆ)C81 + 2sˆC72 + 2sˆC82 − 2C800)
+ e2g2 sin(α− β)2)/(32π2)(4B0(m2h0, m2w, m2w) + (4m2h0 + sˆ)C11 + 4sˆC12 − 2C100)
+ e2g2/(16 cos θ2wπ
2)(−C60 (−2 cos θwmw sin(α− β)
+ mz cos(2β) sin(α + β))





− 10 cos θ2wm2w sin(α− β)2 − 2 cos θ2wsˆ sin(α− β)2
− m2z cos(2β)2 sin(α+ β)2) + C80 (4 cos θ2wm2h0 cos(α− β)2
− cos θ2wsˆ cos(α− β)2 + 2 cos θwmwmz cos(α− β) sin(2β) sin(α + β)
− m2z sin(2β)2 sin(α+ β)2) + C70(cos θ2wm2H± cos(α− β)2
+ cos θ2wm
2
h0 cos(α− β)2 − cos θ2wm2w cos(α− β)2
− cos θ2wsˆ cos(α− β)2 + 2 cos θwmwmz cos(α− β) sin(2β) sin(α + β)



































mn ≡ Cm, Cmn(m2h0, m2h0, sˆ, i).
APPENDIX B
The form factor f
(1)




































−8m2tD70 − 4(m2h0 + 8m2t )D71 − (16m2t + sˆ+ 2tˆ)D72














10D400 − 16D500 + 12D4001 − 32D5001 + 6D4002 − 16D5002




113) + 4(−4m2h0 + sˆ)(D5111 + 3D5113) + 2(4m2h0 + 4tˆ+ uˆ)(D4112 +D4123)
− 8(3m2h0 + 2tˆ+ uˆ)(D5112 +D5123) + (7m2h0 + 10tˆ+ uˆ)D4122 − 4(6m2h0 + 5tˆ










−6D100 − 20D1001 − 10D1002
+ (−13m2h0 + 4sˆ+ 2tˆ+ uˆ)(D1111 + 3D1113)− 2(8m2h0 + 4tˆ+ 3uˆ)(D1112 +D1123)









(−2 cos θwmw sin(α− β)
+ mz cos(2β) sin(α+ β))


















2D12(−5 cos θ2wm2h0 sin(α− β)2 + 48 cos θ2wm2w sin(α− β)2





w sin(α− β)2 − 7 cos θ2w tˆ sin(α− β)2 − 8 cos θ2wuˆ sin(α− β)2
− 6 cos θwmwmz cos(2β) sin(α− β) sin(α+ β) + 4m2z cos(2β)2 sin(α + β)2)
+ 4D112(−(cos θ2wm2h0 sin(α− β)2) + 48 cos θ2wm2w sin(α− β)2 − 21 cos θ2w tˆ sin(α− β)2
− 17 cos θ2wuˆ sin(α− β)2 + 6 cos θwmwmz cos(2β) sin(α− β) sin(α + β) + 4m2z cos(2β)2 sin(α + β)2)
+D122(−16 cos θ2wm2h0 sin(α− β)2 + 48 cos θ2wm2w sin(α− β)2 + 8 cos θ2wsˆ sin(α− β)2
− 15 cos θ2w tˆ sin(α− β)2 − 8 cos θ2wuˆ sin(α− β)2 + 6 cos θwmwmz cos(2β) sin(α− β) sin(α+ β)
+ 4m2z cos(2β)
2 sin(α + β)2) + 2(D111 +D
1
13)(−34 cos θ2wm2h0 sin(α− β)2
+ 48 cos θ2wm
2
w sin(α− β)2 + 16 cos θ2wsˆ sin(α− β)2 − 3 cos θ2w tˆ sin(α− β)2 − 2 cos θ2wuˆ sin(α− β)2
+ 6 cos θwmwmz cos(2β) sin(α− β) sin(α+ β) + 4m2z cos(2β)2 sin(α + β)2)
+ 2D11(−49 cos θ2wm2h0 sin(α− β)2 + 96 cos θ2wm2w sin(α− β)2 + 20 cos θ2wsˆ sin(α− β)2
25
+ cos θ2wuˆ sin(α− β)2 + 8m2z cos(2β)2 sin(α+ β)2)
+ 8(D511 +D
5
13)(−12 cos θ2wm2h0 cos(α− β)2 + 4 cos θ2wsˆ cos(α− β)2
− 2 cos θwmwmz cos(α− β) sin(2β) sin(α+ β) +m2z sin(2β)2 sin(α+ β)2)
+ 16D512(−4 cos θ2wm2h0 cos(α− β)2 − 5 cos θ2w tˆ cos(α− β)2 − 3 cos θ2wuˆ cos(α− β)2
− 2 cos θwmwmz cos(α− β) sin(2β) sin(α+ β) +m2z sin(2β)2 sin(α+ β)2)
+ 4D522(−4 cos θ2wm2h0 cos(α− β)2 − 6 cos θ2w tˆ cos(α− β)2 − 2 cos θ2wuˆ cos(α− β)2
− 2 cos θwmwmz cos(α− β) sin(2β) sin(α+ β) +m2z sin(2β)2 sin(α+ β)2)
+ 8D52(−(cos θ2wm2h0 cos(α− β)2)− 3 cos θ2w tˆ cos(α− β)2 − 2 cos θ2wuˆ cos(α− β)2
− 2 cos θwmwmz cos(α− β) sin(2β) sin(α+ β) +m2z sin(2β)2 sin(α+ β)2)
+ 4D50(−2 cos θ2w tˆ cos(α− β)2 − 2 cos θ2wuˆ cos(α− β)2 − 2 cos θwmwmz cos(α− β) sin(2β) sin(α+ β)
+m2z sin(2β)
2 sin(α + β)2) + 8D51(−12 cos θ2wm2h0 cos(α− β)2
+ 5 cos θ2wsˆ cos(α− β)2 − 4 cos θwmwmz cos(α− β) sin(2β) sin(α + β) + 2m2z sin(2β)2 sin(α + β)2)
+D40(−11 cos θ2wm2H± cos(α− β)2 + 11 cos θ2wm2w cos(α− β)2 + cos θ2w tˆ cos(α− β)2
− 14 cos θwmwmz cos(α− β) sin(2β) sin(α + β) + 4m2z sin(2β)2 sin(α + β)2)
+ 2D42(−3 cos θ2wm2H± cos(α− β)2 − cos θ2wm2h0 cos(α− β)2 + 3 cos θ2wm2w cos(α− β)2
+ cos θ2w tˆ cos(α− β)2 − 8 cos θwmwmz cos(α− β) sin(2β) sin(α + β)
+ 4m2z sin(2β)




H± cos(α− β)2 − cos θ2wm2w cos(α− β)2
+ 8 cos θ2wsˆ cos(α− β)2 + 9 cos θ2w tˆ cos(α− β)2 − 2 cos θwmwmz cos(α− β) sin(2β) sin(α + β)
+ 4m2z sin(2β)





+ 15 cos θ2wm
2
h0 cos(α− β)2 − cos θ2wm2w cos(α− β)2 − cos θ2w tˆ cos(α− β)2







H± cos(α− β)2 + 14 cos θ2wm2h0 cos(α− β)2 − cos θ2wm2w cos(α− β)2
− 3 cos θ2w tˆ cos(α− β)2 − 2 cos θ2wuˆ cos(α− β)2 − 2 cos θwmwmz cos(α− β) sin(2β) sin(α + β)
+ 4m2z sin(2β)
2 sin(α + β)2) + 2D41(−6 cos θ2wm2H± cos(α− β)2
26
− cos θ2wm2h0 cos(α− β)2 + 6 cos θ2wm2w cos(α− β)2 + cos θ2wuˆ cos(α− β)2





































































































+ a23tˆ− b23tˆ− a23uˆ+ b23uˆ)D1212
+ 4(a23m
2
























































































+ D1822) + ξ
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mn ≡ Cm, Cmn(0, 0, sˆ, i) and Dix ≡ Dx(m2h0, 0, 0, m2h0, tˆ, sˆ, i).
The form factor f
(2)




































2C90 − (8m2t + sˆ)D72
− 8m2tD73 − 4D700 + (tˆ− uˆ)(D712 +D713)− (8m2t + sˆ+ 2uˆ)D722














4C50 − 4C21 + 4C31 + 2(−tˆ+ uˆ)D31
− 4C22 + 4C32 + 4D200 + 4D300 + (−tˆ+ uˆ)(D212 +D312 +D213 +D313) + 8(D2002 −D3002 +D2003 −D3003)
+ (−tˆ+ uˆ)(D2122 −D3122 + 2D2123 − 2D3123 +D2133 −D3133) + 2(m2h0 + uˆ)(D2222 −D3222)
+ (6m2h0 + tˆ+ 5uˆ)(D
2













2(−2 cos θwmw sin(α− β) +mz cos(2β) sin(α+ β))2(D62 +D63 +D622 + 2D623 +D633)
+ 2D10 sin(α− β)(3 cos θwm2h0 sin(α− β)− 2 cos θw tˆ sin(α− β)
− cos θwuˆ sin(α− β) + 2mwmz cos(2β) sin(α+ β))
+ 2 cos(α− β)D30(3 cos θwm2h0 cos(α− β)− 2 cos θw tˆ cos(α− β)
− cos θwuˆ cos(α− β) + 2mwmz sin(2β) sin(α+ β))




h0 sin(α− β)2 + 12 cos θ2wm2w sin(α− β)2
− 4 cos θ2w tˆ sin(α− β)2 + 2 cos θwmwmz cos(2β) sin(α− β) sin(α + β)
+m2z cos(2β)





+ 12 cos θ2wm
2
w sin(α− β)2 − 3 cos θ2w tˆ sin(α− β)2 − 3 cos θ2wuˆ sin(α− β)2
+ 2 cos θwmwmz cos(2β) sin(α− β) sin(α+ β) +m2z cos(2β)2 sin(α + β)2)




h0 sin(α− β)2 + 12 cos θ2wm2w sin(α− β)2 − 4 cos θ2w tˆ sin(α− β)2
28
− 2 cos θ2wuˆ sin(α− β)2 + 2 cos θwmwmz cos(2β) sin(α− β) sin(α+ β) +m2z cos(2β)2 sin(α + β)2)




h0 sin(α− β)2 + 12 cos θ2wm2w sin(α− β)2 − 4 cos θ2w tˆ sin(α− β)2





h0 sin(α− β)2 + 48 cos θ2wm2w sin(α− β)2 + 5 cos θ2wsˆ sin(α− β)2
− 9 cos θ2w tˆ sin(α− β)2 − 5 cos θ2wuˆ sin(α− β)2 + 8 cos θwmwmz cos(2β) sin(α− β) sin(α + β)
+ 4m2z cos(2β)
2 sin(α + β)2) + (D22 +D
2
3)(−4 cos θ2wm2H± cos(α− β)2
− cos θ2wm2h0 cos(α− β)2 + 4 cos θ2wm2w cos(α− β)2 + cos θ2wuˆ cos(α− β)2





h0 cos(α− β)2 − 5 cos θ2w tˆ cos(α− β)2 − 4 cos θ2wuˆ cos(α− β)2





h0 cos(α− β)2 − 4 cos θ2w tˆ cos(α− β)2 − 3 cos θ2wuˆ cos(α− β)2





h0 cos(α− β)2 − cos θ2w tˆ cos(α− β)2 − 2 cos θ2wuˆ cos(α− β)2





h0 cos(α− β)2 − 4 cos θ2w tˆ cos(α− β)2 − cos θ2wuˆ cos(α− β)2





h0 cos(α− β)2 − 8 cos θ2w tˆ cos(α− β)2 − 5 cos θ2wuˆ cos(α− β)2





h0 cos(α− β)2 − 8 cos θ2w tˆ cos(α− β)2 − cos θ2wuˆ cos(α− β)2
+ 2 cos θwmwmz cos(α− β) sin(2β) sin(α+ β) + 2m2z sin(2β)2 sin(α + β)2)
+D223(5 cos θ
2





h0 cos(α− β)2 − 9 cos θ2w tˆ cos(α− β)2 − 5 cos θ2wuˆ cos(α− β)2
















































































− a23tˆ+ b23tˆ+ a23uˆ− b23uˆ)D1023
+ 2(a23m
2
















































































mnl ≡ Dm, Dmn, Dmnl(0, m2h0, 0, m2h0, uˆ, tˆ, i), Cim, Cimn ≡
Cm, Cmn(m
2
h0, 0, tˆ, i) and C
i
0 ≡ C0(0, m2h0, tˆ, i).
The form factor f
(10)




























mn ≡ Cm, Cmn(m2h0, 0, tˆ, i) and Ci0 ≡ C0(0, m2h0, tˆ, i).
The form factor f
(11)




























mn ≡ Cm, Cmn(m2h0, 0, tˆ, i) and Ci0 ≡ C0(0, m2h0, tˆ, i).
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The form factor f
(12)


















mn ≡ Cm, Cmn(m2h0, m2h0, sˆ, i).
APPENDIX C
The form factor f
(1)
































where Di0 ≡ D0(m2h0, 0, 0, m2h0, tˆ, sˆ, i).
The form factor f
(2)
































where Di0 ≡ D0(0, m2h0, 0, m2h0, uˆ, tˆ, i).
The form factor f
(5)


















where Ci0 ≡ C0(0, 0, sˆ, i).
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(1)
FIG. 1. Feynman diagrams for the precess γγ → h0h0, where the solid line, wavy line, dashed line
and dotted line represent the fermions (the top and the bottom quark as well as the charginos), the
gauge bosons(the photon and the W± boson), the scalars (the charged Higgs bosons, the charged
Goldstone bosons, the squarks and the sleptons) and the charged ghosts, respectively.
34
(2)

















FIG. 5. Same with Figure 1
38
FIG. 6. The cross sections for the process γγ → h0h0 as a function of the lightest Higgs
boson mass for the opposite photon helicities λ1 = −λ2 = 1 at
√
sˆ = 500, 1000, 1500GeV and
tan β = 4. The numbers on the curves are the phton-photon center-of-mass energy
√
sˆ. The dotted
lines represent the cross sections of the process in the 2HDM and the dotted lines - in the MSSM
with the At = µcotβ and Ab = µ tan β (there does not exist mixing between the stops, we label







= (1TeV )2, and when the stops exist mixing, we choose the value of
At which make the mass of the lighter stop equal to 50GeV . The other relevant SUSY parameters
are M = 100GeV and µ = −300GeV .
39
FIG. 7. Same with Figure 6 but for the equal photon helicities λ1 = λ2 = 1.
40
FIG. 8. Same with Figure 6 but for the equal photon helicities λ1 = λ2 = −1.
41
FIG. 9. The cross sections for the process γγ → h0h0 as a function of the lightest Higgs boson
mass for the opposite photon helicities λ1 = −λ2 = 1 at
√
sˆ = 500, 1000, 1500GeV and tan β = 40,
the other parameters are the same with Figure 6.
42
FIG. 10. Same with Figure 9 but for the equal photon helicities λ1 = λ2 = 1.
43
FIG. 11. The total cross sections for the process e+e− → γγ → h0h0 as a function of the
lightest Higgs boson mass for the beamstrahlung photons at
√
s = 500, 1000 and 1500GeV , where
tan β = 4 and the other SUSY parameters are the same with Figure 6. The numbers on the curves
are the e+e− CMS energy.
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FIG. 12. Same with Figure 11 but for tan β = 40.
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FIG. 13. Same with Figure 11 but for laser back scattering photons.
46
FIG. 14. Same with Figure 13 but for tan β = 40.
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